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(54) Monitor and method for acquiring and processing electrical signals to bodily functions 



(57) Ah EEQ monitor utilizes a portable acquisition 
module (14) and a substantially stationary processing 
module (12). The EEG signals are acquired and con- 
verted to an oversampled stream of digital signals by a 
sigma-delta modulator (64) located in the data acquisi- 
tion module. The signals are then filtered by a decima- 
tion filter (62) located in the processing module. 



Additional means are also provided to monitor the elec- 
trode leads to detect when the leads become 
unplugged. The monitor provides ail power to the data 
acquisition module over a single twisted line (82) which 
transmits data as well. 
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Description 

Background off the Invention 

The present invention relates in general to bodily s 
electrical signal monitors, and more particularly to a 
monitor and method for acquiring and processing EEQ 
data in EEG monitors. 

An EEG data signal is an acquired medical electri- 
cal signal representing brain activity. The EEG data sig- 10 
nal Is in the form of complex waveforms which can be 
broken down into a series of sine waves. The frequen- 
cies and amplitudes of each of these sine waves are 
analyzed to represent the bioeiectrical activity of mil- 
ifons of neurons in the brain. During an operation, anes- is 
thetics, neuroactive drugs, ischemia or other 
physiological changes in the brain are monitored by 
examining the EEG data. Recently, bispectral analysis 
of EEG data has been used to derive more complete 
information concerning such physiological changes. 20 
However, during use of existing EEG monitors, noise 
may obscure or distort the original EEG data signal. 

To the naked eye, an EEG data signal looks to be 
significantly affected by noise, and very heavy filtering is 
commonly used to preserve the important characteris- 2s 
tics of the EEG data signal. In prior art systems, f ilte-ing 
is often not successful because of artifacts such as 
electrocautery which generate noise over a wide k>and 
including the band of interest in the EEG signals. It is 
frequently difficult or impossible to differentiate the arti- 30 
foct signal \r\ the EEG band from the EEG itself. This 
can lead to a situation where the artifact is mistaken for 
an EEG, and possibly to a misdiagnosis. 

Another problem often encountered witii known sig- 
nal gathering devices which are connected through 3S 
wires or cable to a monitor is that electrode leads will 
often be disconnected without the monitor accounting 
for the missing signals. This can lead to the production 
of false or nrtisleading results which could cause further 
medical problems. ^ 

It is therefore a principal object of the present inven- 
tion to provide a monitor and method of acquiring and 
processing EEG data whfoh provides improved signal 
quality. 

Another object of the present invention is to provide 45 
a monitor for acquiring and processing EEG data that is 
highly Impervious to electrical noise pollution in the 
operating room. 

It Is also an object of the present invention to pro- 
vide a monitor for acquiring and processing EEG data so 
that has a portable data acquisition module with very 
low power requirements. 

Summary of the Invention 

55 

The EEG monitor of the present invention utilizes a 
portable data acquisition module and a substantially 
stationary processing module. The EEG signals are 
acquired and converted to an oversampled stream of 



digital signals by a sigma-delta nrK)dulator located in the 
data acquisition module. The signals are then filtered by 
a decimation filter located in the processing module. 
Additional means are also provided to monitor the elec- 
trode leads to detect when the leads become 
unplugged. 

These and otiier objects, features and advantages 
of the invention will be apparent from the following 
description which should be read in light of the accom- 
panying drawings in which corresponding reference 
numerals refer to corresponding parts throughout the 
several views. 

Brief Description of the Drawings 

Rg. 1 is a block diagram of the EEG monitor of tiie 
present invention; 

Rg. 2 is a t>lock diagram of the circuitry of the moth- 
erboard of the EEG monitor shown in Rg. 1 ; 
Rg. 3 is a block diagram of the circuitry of one 
channel of the portable data acquisition nKXiule 14 
of the EEG monitor shown in Rg. 1 ; 
Rg. 4 is a block diagram of the data and power con- 
version circuitry for the data acquisition nnodule of 
the EEG monitor shown In Rg. 1; 
Rg. 5 is a block diagram showing tiie f tow of EEG 
data signals through the EEQ monitor shown in Rg. 
1; 

Rg. 6 is a block diagram of tiie sigma-delta modula- 
tor of the EEQ monitor shown in Rg. 1 ; 
Rg. 7 is a block diagram of the circuitry for detecting 
that the leads are off the head utilized by the EEG 
monitor shown in Rg. 1 ; 

Rg. 8 is a block diagram of the front end interface of 
the EEG monitor shown in Rg. 1 ; 
Rg. 9 is a block diagram of the relationshqD of tiie 
clock synchronization components of the EEG 
monitor shown in Rg. 1 ; 

Rg. 1 0A is a bit map showing bi-phase encoding; 

Rg. 1 0B is a bit map of the interface protocol used 

by the EEG monitor shown in Rg. 1; 

Rg. 10c is a chart of the status protocol used by 

tiie EEG monitor shown in Rg. 1; 

Rg. 1 CD is a chart of the control protocol used by 

the EEG monitor shown in Rg. 1 ; 

Rg. 11 A is a front elevationai view of the portable 

data acquisition module of the EEG monitor shown 

in Rg. 1 ; and 

Rg. 11B Is a side elevational view of the portable 
data acquisition module of the EEG monitor shown 

in Rg. 1, 

Description of a Prefen-ed Embodiment 

Referring to Rg. 1, the EEG monitor 10 of tiie 
present invention includes a stationary base processing 
module 12 and a portable data acquisition module 14. 
The portable data acquisition module 14 contains the 
circuitry required to acquire the EEQ data from a 
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patient. The data aoquisit'on module 14 digitizes the 
waveforms obtained from a patient for transmission to 
and processing t>y the processing module 12. The data 
acquisit'on nruxilule 14 is connected to the processing 
module 12 via a thin, highly flexible cable 15. The 
processing module 12 processes EEG data, calculates 
variables, and displays waveforms and variables. All of 
the circuitry for acquiring and digitizing the EEG data, 
however, is located in the data acquisition module 14. 

The processing module 12 includes a mothertx)ard 
1 6 which Is shown in greater detail In Fig. 2 and which is 
primarily responsible for signal processing functions. A 
host CPU 18 is used to control the operation of the 
processing module 12. 

In a preferred embodiment, the host CPU 18 Is an 
80286 16 MHz CPU. connected to 1 Mbyte non-volat'le 
DRAM on the mothert>oard 16. 2 serial RS-232 ports. 1 
parallel port, keytx^ard port, speaker port battery 
backed-up real time clock, hardware watchdog timer, 
and a PROM 130. 

The processing module 12 also includes a display 
20 which In a preferred embodiment is a VQA-type dis- 
play to show EEG waveforms and other information and 
an index display 22. The VGA display 20 is powered by 
display power supply 30 and controlled by display driver 
32 which is connected to host CPU 118. The index dis- 
play 22 contains LEDs for displaying the processed var- 
iables in solid-state seven-segment characters. In a 
preferred embodiment there are three full digits with 
dedrrtal points, and a leading 4>/-display. The housing 
for the processing modules also Includes LED indica- 
tors for ON/STANDBY. BATTERY; LOW BATTERY, and 
""ALARMXDFR 

A membrane switch panel is mounted in front of the 
processor module housing, and contains the switches 
for ON/STANDBY and ALARM OFF. Keys 24 interface 
to the index display board. A membrane SMitch panel 
will also preferably contain a number of soft keys 26 and 
hard keys 28 for functions such as FREEZE, PRINT, 
HELP, and START CASE. 

A power supply 34 supplies power to the entire 
monitor and battery 36 is provided for backup purposes. 

Referring to Fig. 2, the motherboard 16 of the proc- 
essor module 12 will now be described. Motherboard 16 
includes a bus interface 120 to the host CPU 18. In a 
preferred embodiment, this bus interfcice 108 is 
designed to conform with the IBM-standard AT bus 
specification. 

An integer digital signal processor 122 connected 
to the bus interface 120 filters the raw EEG data and 
downsamples it to its final sample rate. The integer dig- 
ital signal processor 1 22 may also detect artifacts at fre- 
quencies both in the base band and higher than the 
base band. In a preferred embodiment the integer dig- 
ital signal processor 122 is an Analog Devices 
ADSP2105 processor running at 10.245 Mhz. 

Raw EEG data signals are transfenred from the inte- 
ger digital signal processor 122 to the host CPU 18 for 
display. The raw EEG waveforms are electronically dis- 



played, as are a variety of variables which are proc- 
ess^ from the EEG by the monitor of the present 

invention. 

The integer digital signal processor 122 transmits 

5 raw EEG data to the f bating point digital signal proces- 
sor 124 at 128 words/second/channel via a serial port. 
The floating point digital signal processor 124 computes 
all of the process^ variables from the EEG data, 
including bispectral indices if desired. In a preferred 

10 embodiment the ffoating point digital signal processor 
124 is a Texas Instruments TMS320C30 processor. In 
the prefen-ed embodiment, the floating point digital sig- 
nal processor runs at 33.33 MHz. 

Four analog outputs 126 are provided to drive a 

IS chart recorder or any analog input device. A speaker 
128 is used for audible alarms. The host provides the 
speaker tones, while the volume is set via an I/O regis- 
ter on the AT bus. The speaker amplifier and volume 
control are on the motheriix>ard. 

20 The operating code for the monitor is preferably 
located in prograrrunable read-only memory 130 on a 
board that Is accessible from the rear of the stationary 
processing module 12, allowing software changes to be 
made without dismantiing the processing module 12. 

25 The EPROM 130 is interfaced to the AT bus 132. In the 
preferred enotxxjiment, tiie board can accept either 1 or 
2 Mbytes of PROM. 

The external 1/0 connectors for the processing 
module 12 are mounted on the motheriraard 16. In the 

30 preferred embodimerrt, the mothertxiard 16 occupies 
the full depth of the processing module 12. 

Referring to Fig. 3, the circuitry for one of the four 
diahnelsof the portable^sfta^^^ 4"will ~ 

now be described. The circuifry for the other three chan- 
ts nels of the data acquisition module 14 is sut^stantially 
identical to the circuitry shown in Fig. 3. 

In a preferred embodiment, data acquisition module 
14 has connections 40 for ten electrode. Eight of the 
electrodes are used as bipolar inputs for the four EEG 

40 data channels. The EEG data channels can be oper- 
ated as either bipolar or referential, and one of the elec- 
frodes is used as a positive reference when the data 
channels are being operated in referential mode. The 
last electrode is used as an electrical ground for the 

45 patient and the portable data acquisition module 14. 
Two electrode input jacks 44, 46 are shown for the first 
data channel. In the preferred embodiment, unused 
inputs are shorted externally, but they couki be software 
controlled as well. 

60 An input protection circuit 48 protects the data 
acquisition module 14 from damage resulting from elec- 
fric shock from low capacity sources such as people. 
The module 14 is designed to survive a defibrillator 
pulse to the patient. Input protectton circuit 48 also 

55 reduces the effects from high frequency ambient noise 
from sources such as elecfrocautery and other devices 
found in the operating room. 

For each of the four data channels there Is there a 
montage mode switch 50. differential amplifiers 56. DC 
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servo 58, impedance test circuit 54, and lead off detec- 
tion circuits 52. There are circuits for injecting self*test 
vottages into the amplifier inputs. Portions of the self 
test circuits are on the preamp board 40 as well. The 
inputs to all four EEG data channels can simultaneously 
be zeroed on command from the host. 

Impedance testing of tfie electrodes is under con- 
trol of tiie host CPU 18. This fs done by injecting a cur- 
rent of less than 0.2uA (per AAMI standard for ECG) 
into each electrode at a frequency within the normal 
EEG t^ndwldth and measuring the resulting voltages. A 
sinusoidal current source is switched into each elec- 
trode while a digital signal processor measures the 
resulting voltage. The host CPU 18 controls the elec- 
trode switching. All the positive electrode leads are 
tested at the same time, and then all the negative elec- 
trode leads are tested. The impedance measurement 
range is 0-25 Kbhms. The ground electrode impedance 
Is not measured. The impedance test results enat>le the 
EEG technician to match the impedance of the elec- 
trodes and to achieve the best noise and common mode 
rejection performance. 

The EEG data signals are amplified by a full instru- 
mentation amplifier 56 which has a fixed gain. Each 
amplifier has a DC servo 58 which removes all signals 
below a high pass cutoff frequency. In the event of 
amplifier overload, the servos 58 can be changed to a 
higher frequency to facilitate fast recovery. Recovery is 
performed under control of the host processor 18. The 
host sets the amplifier mode to either bipolar or referen- 
tial upon a request tiy an operator through a control on 
the processing module housing. Ught emitting diodes. 
located~in"the"preferred~embodiment,"on-the"preamp 
tx>ard 40 of data acquisition module 14 Indicate the 
mode currently in use. 

The communications board 60 on portable data 
acquisition module 14 contains an amplifier/filter drcuit 
62 and a sigma-delta modulator 64 for each EEG data 
channel. The communications board 60 also contains 
interlace multiplexer 66 (which in a preferred emisodi- 
ment is a programmable logic device), power supply cir- 
cuits 68, self-test circuit 70 for producing the test tone, 
and a comparator for the lead off detector 52. A crystal 
controlled portable data acquisition module master 
clock 67 drives the modulators 64 and the Interfece at a 
divided rate through the PLD 66. 

Each EEG data channel is amplified by an ampli- 
fier/filter circuit 62 to the level required by the analog to 
digital modulator 64, as will be desaibed in greater 
detail below in connection with Fig. 6. Amplifier 62 also 
serves as a filter to prevent aliasing by the modulator 
64. The filter 24 is of the third order, and is set to a fre- 
quency well above the required EEG bandwidth. This 
preserves the linear phase of the signal and enables the 
detection of artifacts over a wide bandwidth. In a pre- 
ferred embodiment, sigma-deHa modulator 64 runs at 
16384 Hz, and is also of third order. This permits the 
final decimated sample rate of 128 Hz to yield better 



than 14 bit signal to noise ratio perfbrmance, which is 
more than acceptable for the EEG. 

A calibrated test signal is generated on the commu- 
nications board 60 by self-test generator 70 under com- 

5 mand from the host processor 18 on the processor 
nrx3dule 12. The signal 71 is a 2 Hz square wave of -i^- 
lOOuV. It is applied to the inputs of the differential ampli- 
fiers 56, where it drives the gain ports of amplifiers 56. 
resulting in a test of the entire signal path except for the 

to input jacks 44, 46, protection circuits 22 arxi lead 
switches 50. 

The interface from the data acquisition nradule 14 
to the processing module 12 is comprised of a data-out 
serial line 80 and a oontrol-in serial line 82. The outputs 

IS from each of tiie four EEG data channels 84, 86. 88. 90 
are multiplexed in interface mulHplexer 66, which as 
described above is a programmable logic device. Status 
information such module identification, mode (bipolar or 
referentiaQ, lead off indication, and power supply faults 

20 is multiplexed witii ttie EEG data. The status information 
is transmitted only on command from the processing 
module 12. 

The output from the interfeice mulitplexer 66 Is 
transformer-coupled onto a balanced, twisted pair line. 

25 The transformers 72, 74 provide the required patient 
isolation from ground. 

One twisted-pair signal, which provides the control 
data, also transmits power from the processing module 
12 to the data acquisition module 14. The data on the 

30 control-In line 82 and the data-out line 80 is bi-phase 
encoded. In other embodiments, the signals may k)e 
transmitted opticaDy or through a wireless (e.g., radio) 

connection.""- 

TTie control-in line is driven by the front end driver 

35 244 (see Fig. 8). In the preferred embodiment, the drive 
signal is balanced, and output levels are 0 to 12 volts 
peak to peak. After passing through a shiekied twisted 
pair line 82, the signals are coupled onto the (X3mmuni- 
cations board 60 tiy means of a transfonmer 74 (see Rg. 

40 4). The signals are passed onto the control data 
receiver 116 which converts them to TTL levels before 
sending them to the decoder PLD 66. The communica- 
tions tx>ard 60 decodes the control information coming 
from the processing module 12 via control-in line 82. 

45 Commands such as "auto-recover from amplifier satu- 
ration" and "conduct impedance tests** are transmitted 
txy the host CPU 18 to the communications board 60. 
The control-in data rate is synchronized to the EEG 
data-out rate by a phase-loci«ed loop (as described in 

so greater detail below in Rgs. 8 and 9) in the data 
processing module 12, preventing interference on the 
EEG data signals from the command-in line. 

Refemng to Fig. 4. tiie data acquisition module 14 
also derives power from the control-in line 82. The 

55 transformer coupled control-in signal 75 is rectified by 
rectifier 112. The resulting DC signal is linearly regu- 
lated by regulators 114 to provide power to the data 
acquisition module 14 at the appropriate voltages. 
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All of tfie drcirits in the data acquisition module 14 
are exactly synchronized to the master dock 67, which 
in the prefen-ed embodiment is a crystal controlled 
2.0977152 MHz dock. Referring to Rgs. 8 and 9, the 
master clock 67 dod^ the communications PLD 66 in 
the data acquisition module 14. The data-out signal 80 
is thus synchronous with the master dock 67. The front 
end interface PLD 66a recovers the synchronized clock 
300 from the data-out line 80, and feeds the recovered 
clock 300 to the phase locked loop 240. TTie phase 
locked loop 240 generates a higher frequency clock 301 
that is synchronized to the recovered clock 300. and is 
thus also synchronous with the master dock 67. The 
PLL 240 sends this clock back to the front end interface 
PLD 66a. which uses H to clock the control-in fine 82 to 
the data acqulsitton module 14. The data acquisition 
module 14 uses this synchronized signal to decode con- 
trol information and generate power. In this way, all of 
the drcurts in the data acquisition module 14 operate at 
frequencies that are exactly synchronized with the mas- 
ter dock 67. This provides the advantage that signals 
coming t>ack into the data acquisition module 14 will not 
cause interference by mixing with the dock signals 
already in the module 14. distuit>ing the sensitive EEG 
acquisition circuits. 

Before describing the specific components of the 
present invention, the data signal flow through the EEG 
monitor 10 will now be described in connection with Fig. 
5. In a preferred emtxxfiment, four channels of EEG 
data are processed by the monitor 10, although in other 
embodiments more channels or fewer channels may be 
processed. Fig. 5 shows the data flow for one chcuinel of 
data and the data flow fbr the other three channels is 
substantially identical. EEG data signals fbr one chan- 
nel are acquired via patient connection 20. The other 
three patient connections, identical to patient connec- 
tion 20, are not shown in Fig. 5. The EEG data signals 
pass through input protection circuit 48 in the data 
acquisition module 14. There are four input protection 
circuits, although only one is shown. Each channel of 
EEG data is differentially amplified by instrumentation 
amplifiers 56. and further amplified and filtered to 
remove DC and high frequency components by four 
separate amplifier/filter circuits 62. The EEG data sig- 
nals for each channel are then digitized by one bit 
sigma-delta analog-to-digital modulators 64 connected 
to each channel. 

The outputs from all four modulators are multi- 
plexed by multiplexer 66 fbr transfer from the data acqui- 
sition module 14 over cable 16 to tiie processing 
module 12 where tiiey are demultiplexed by a demulti- 
plexer 66a. After being demultiplexed, the EEG data sig- 
nals are transferred to Integer digital signal processor 
(IDSP) 122. The processor 122 digitally filters the sig- 
nals and downsamples them before transmitting them to 
the host CPU 1 8 Ibr display 20. The integer digital signal 
processor 122 concun'ently filters and downsamples the 
signals fbr processing by floating point digital signal 



processor (PDSP) 124. The resulting processed varia- 
bles are displayed by index display 22. 

Refenring now to Fig. 6, the analog-to-digttal con- 
version techniques of the present invention, which pro- 

5 vide many advantages over prior art systems in the 
acquisition of the medical signals, will now be 
described. As indicated above, the converter of the 
present invention Is comprised of a sigma-delta modula- 
tor 64 in the data acquisition module 14 and the digital 

10 signal processor 122 in the processing module 12. In 
the present invention, there are four converters, one for 
each data channel. 

The sigma-delta modulator 64 is provided to con- 
vert the signal of interest to a digital form. Converters of 

IS any type can only approximate the signal, yielding lim- 
ited resolution, stgnal-to-noise ratio, distortion and fre- 
quency band width. Conventional converters typically 
sample the signal at just above the Nyquist rate (two 
times the highest frequency of interest), and convert to 

20 the final required resolution and noise performance 
(jproportional to the number of bits converted). Such 
converters require sample and hdd cIrcuHs and com- 
plex analog filteis wNch must filter the circuit prior to 
feeding them to the converter. In addition, the Imple- 

2S mentation of conventional converters usually requires 
accurately matched analog components. All of these 
elements contribute to the high cost of such converters 
and signif icantiy limit tiie converter's performance. 
The sigma-delta modulator 64 shown in Fig. 6 is an 

30 oversampling oonverter of the single bit sigma-delta 
typa A comparator 164 is used as the quantizer to 
determine if the signal is atxave or below one volt. The 
output of the comparator Is sampled by a flip-flop 166. 
The output of the flip-flop is meant to be the digital rep- 

35 resentation of the analog signal. The fllp-fbp is also 
used as a one bit digital to analog converter (DAC). The 
output of the converter, which is the current through 
resistors 168. 170 is subtracted from the analog input 
signal by summing drcuit 160 (as the inverted output of 

40 the flip-flop 166 is used for tiie DAC). The resulting sig- 
nal is therefore the difference t^etween the actual analog 
signal and the digital representation of it, i.e. the error. 
This error signal Is Integrated and fed to the comparator 
164 which is acting only on the en^or signal in an effort 

45 to make the digital representation closely approximate 
tiie analog signal. Because the integrating filter 162 has 
very high gain at tow frequency, it tends to minimize 
enror at low frequencies. The output of tiie modulator, 
therefore, is a fast signal (oversampled) that contains 

50 very small errors for low frequency waveforms, but very 
large errors for higher frequency waveforms. The result- 
ing converter is inherentiy linear (littie or no distortion) 
because tiie quarrtizer is a single comparator, arxl 
therefore no drcidts require matching. 

55 In a processing module 1 2, the one bit data stream 
from tiie modulator Is received at 16,384 sanples per 
second and contains frequencies up to half that number 
in Hz. The decimator or integer digital signal processor 
122 filters out (downsamples) the frequendes above 50 
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Hz and reduces the sample rate to 128 samples per 
second. In the prefen-ed embodiment It does this In 
three steps, which is the most computationally efficient 
method. The first stage filters to 100 hiz and outputs at 
2,048 samples per second. The second stage filters to 5 
100 Hz, but outputs at 256 samples per second. The 
final stage filters to 50 Hz and outputs at 128 samples 
per second. 

There are several distinct advantages to separating 
the modulator 64 from the dedmator 122. The main 10 
advantage is that all of the sensitive analog electronics 
reside together in a small module (the data acquisition 
module 14) away from the noisy environment of the 
processing module 12, tremendously improving the 
quality of the digitized signal. Secondly, because the is 
converters output only a single bit sample, each at a 
high rate, and utilize biphase encoding (as described 
below) which enables the converters to be self-clocking 
with each frame having one bit from each channel the 
interface between the two modules 12 and 14 is very 20 
robust. If the interface were hit by very severe Interfer- 
er)ce firom a source such as electrocautery In tiie oper- 
ating room, only a single sample of one bit at a very high 
rate would be lost. Because the digital signal processor 
122 is essentially averaging the digitized signal, any 2S 
loss of data on the interface is averaged out and is 
barely noticeable in the final output 

Known conversion techniques output 12, 14, or 16 
bit data samples at a lower rate than does the monitor of 
the present invention. In known systems, if tiiere is a 30 
fault In the interface, the errtire sample must be dis- 
carded, resulting in a very significant aberration or arti- 
fact on the output, which might be displayed as a 
sudden sharp jump of the signal. In the monitor of the 
present invention, at most a very small wiggle would 55 
appear in the display 

Anotiier advantage of separating the modulator 64 
from the decimator 122 is that tiie electronics in the 
portable data acquisition nrxxlule 14 can be connected 
to a very low power source, tn the present invention, 40 
about one watt is required to digitize four channels of 
EEQ data signals. It is therefore possible to have a bat- 
tery-powered data acquisition nrxxiule that transmits its 
data optically. 

The use of sigma-ddta anaiog-to-digital conversion 45 
technKiues also allows for improved artifact detection. 
Because the sigma-deHa modulators 64 highly over- 
sample the incoming signal, the signal can be viewed at 
a greater bandwidth. At higher fc}andwldths, however, 
the signal-to-noise ratio is much poorer. Significant arti- so 
facts may be characterized by either high slew rates 
coming in or by a large jump in the noise level over a 
wide bandwidth. In the present invention, EEG signals 
are monitored at up to a 1 KHz bandwidth. One tech- 
nique for detecting an artifact is to monitor the total ss 
power in the .25 Hz to 1 KHz bandwidth and to look for 
a significant jump in the level. Another technique Is to 
look for signals that have a very high slew rate. The 
bandwidtii of the system of the present invention allows 



slew rates of over 60 volts/second to be detected. In a 
conventional system which is not oversampled, It is only 
possible to digitize slew rates of up to .6 volts/second. 
Interference from sources such as electrocautery, saws, 
and laser, frequentiy cause spiking on tiie waveform. 
When the signals are heavily filtered before being 
acquired, tinese spikes are blunted, and difficult to 
detect. In the present invention, digital signal process- 
ing is used to examine the wide-band signals prior to fil- 
tering and displaying, and to look for the presence of 
these spikes. The spikes, however, shouM only be 
detected and not be filtered out so that the presence of 
the artifact in the data is flagged. Since EEQ data is 
very noise-like, it is actually dangerous to filter too much 
as it would not be dear wNch data Is artifact and which 
Is EEG. 

A "leads-off" detection circuit 52, shown in greater 
detail in Fig. 7, in tiie portable data acquisition module 
14 constantiy monitors all of the data input leads to 
determine whether an electrode lead has become dis- 
connected from the patient. 

The data acquisition module 1 4 constantiy monitors 
the electrode leads 210 for disconnection wrUiout con- 
trol from tiie host. The "leads-ofT detection circuit 52 
constantiy monitors all of the leads connected to the 
patient except for the ground lead by supplying a tiny 
current of less than 1 uAtoall leads 210 simultaneously 
The current is applied at exactiy one-half the analog-to- 
dig'rtal sampling rate, which in tiie preferred embodiment 
is approximately 8 KHz. The current is exactiy synchro- 
nized to the sampling rate, which ensures that the sig- 
nals fall directiy into a null in the analog-to-digital 
converter's transfer function. The disconnection moni- 
toring method therefore adds no spurious signal or 
excess noise to the EEG signal. The currents intro- 
duced into tiie leads 210 induce a voltage that is propor- 
tional to the impedance of the lead at 8 KHz. The lead 
Impedance at 8 KHz is typically approximately one- 
tenth of the lead impedance in the preferred embodi- 
ment's base band of 0-100 Hz. The circuits are cali- 
brated such that electrode lead impedance of greater 
tiian 5 Kbhms at 8 KIHz corresponding to approximately 
50 Kohms at 0-100 Hz is the tiireshold for indicating a 
lead-ofT. 

The "lead-off" detection circuit 52 AC-coupIes the 
small 8 KHz voltage from each lead into a multiplexer 
212 attached to a high gain amplifier 214. The multi- 
plexer 212 switches from lead to lead looking at only a 
single lead at a time wrtii respect to the data acquisition 
module 14 ground which is attached to the patient 
ground. The output of tiie high gain amplifier 214 drives 
a synchronous demodulator 216 ttiat is synchronized to 
the incoming 8 KHz signal. The demodulator 216 recti- 
fies the 8 KHz incoming square wave signal (which is on 
top of tiie EEG data on a combined signal) at exactly 8 
KHz t)y determining the amplitude of the 8 KHz signal 
thereby In effect determining the peak-to-peak voltage 
by stripping out the square wave signal in order to out- 
put only a DC signal proportional to the peak-to-peak 
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voltage of the 8 KHz portion of the signal which is pro- 
portional to the electrode impedance on the head. The 
output of the amplifier feeds a comparator 218 located 
on the COMM Board 60 which is preset to a voltage 
which indicates an unacceptable lead-ofT condition for 5 
voltages con^esponding to electrode lead impedances 
of greater than 5 Kbhms. The interface circuit latches 
the output of the comparator at the end of the sampling 
interval for each particular lead. In the preferred embod- 
iment, the sampling interval is 1/2 second per lead and ro 
the circuits therefore can scan all nine leads every five 
seconds. 

The portable data acquisition module 14 can be 
disconnected for transportation with the patient, which 
frequently results In an open ended cable dangling In is 
the operating room. Refem'ng to Rg. 8, to make this a 
safe condition, the internee drivers (such as driver 244) 
are shut off by the host CPU which shuts off the drivers 
when it stops receiving data. In addition, an overcun^ent 
detector 242 in the processing module 12 automatically 20 
shuts off power to the data acquisition module 14. 

To detect when the data acquisition module 1 4 has 
been reconnected without being powered-up, a short 
duration voltage pulse of less than 1CX) uSec (in the pre- 
ferred embodiment, 5.7 uSec) is applied by the front end 2s 
interface to the data acquisition module interface 14. 
When the data acquisition module 14 is reconnected, 
the pulse appears across the transformer 74. and 
droops because of the primary inductance. The amount 
of droop is well defined, and is measured after a fixed so 
time period by comparator 230 in the processing mod- 
ule 12. Therefore, the method to detect when the front 
end has been reconnected needs no extra wires, and 
will not incorrectly conclude that the data acquisition 
module 14 has been reconnected when tiiere is a fault. 35 
such as a direct short or a weak short caused by excess 
saline solution, at the end of ttie cable. 

The control-in 82 and data-out 80 lines are individ- 
ually shielded twisted pairs. In the preferred embodi- 
ment, the EEQ data from the data acquisition module 14 40 
is being received at 16.384 bits/second/channel. The 
interface runs at a top speed of 262.144 Hz. 

The power to the interface 15 is under software 
control. In addition, an overcurrent detector 242 moni- 
tors the current tiiat is supplied to the data acquteition 4S 
module 14. If the current exceeds the expected value, 
the power to the data acquisition module 14 is shut off 
by the hardware in the front end driver 244 and tiie inte- 
ger digital signal processor 122 is notified via a bit set in 
a status register. 50 

As mentioned above, Fig. 10A shows a series of 
bits in bii^hase encoding. In bi-phase encoding, there is 
always a transition at the beginning of each bit. If the 
data bit is a 0 there is no transition in the middle of the 
bit, whereas if the data bit is a 1 there is a transition in ss 
the middle of the bit. Bi-phase encoding is self clocking, 
and provides DC-free and band-limited transmission. 
Using bi^Dhase encoding in the EEQ monitor of the 
present invention allows transformer and/or capacitlve 



coupling and filtering of the data Ones as tiie transfbmi- 
ers and capacitors only pass AC signals. 

Because the data coming into the data acquisition 
module 14 is entirely AC. transformers may be used to 
AC-couple into tiie data acquisition module 14. As 
shown in Rg. 4, a data receiver 1 1 6 translates the sig- 
nals to TTL levels for the decoder 66. A full-wave bridge 
rectifier circuit 1 1 2 on the transformer outputs is us^ to 
extract power directiy from the interface line. 

The interface 80. 82 is implemented with program- 
mable logic devices (PLD) tiiat are mapped Into the data 
address space of the integer digital signal processor 
122. The programmable logic devices form a state 
machine running at 2.097152 m\z in the preferred 
embodiment Using this technique, a phase locked loop 
for recovering the encoded dock and data is unneces- 
sary. 

Rg. 10b shows the protocol for the interface. In the 
prefenred embodiment, up to 8 channels of EEQ data 
may be carried by the Interface. The EEG data bits 150 
are multiplexed onto the data line atong witti a STATUS 
P RESENT bit 1 52 and 4 bits of status data 1 54. The bits 
are framed with a unique preamble 156 whose timing is 
a violation 0*e. there is no transition at the bit cell bound- 
ary or as an example the pulse is 3 half cells long, not 1 
or 2 as specific in biphase rules of the biphase code 
interval). An interrupt to the integer digital signal proces- 
sor 122 is generated at ttie end of each frame (in the 
preferred embodiment of full 1 6 bits) and is used as the 
main program timer for the integer digital signal proces- 
sor. The timer intemal to the processor provides a 
watchdog function for the interface. 

Status nibbles are sent to the data processing mod- 
ule 12 only when requested by ttie host Referring to 
Fig. IOC. the status protocol is shown. The STATUS 
PRESENT bit is normally set low. The bit is set high to 
indicate that a valid status message is coming. The 4 bit 
status nibbles are individually addressable. 

Refem'ng to Rg. 10D. the control protocol is shown. 
The control information is also framed with a preamble. 
Under normal conditions, no information is transmitted, 
and the line transmits all O's. When a control message is 
to be sent by the host CPU 18 via the Integer digital sig- 
nal processor 122. tiie CONTROL PRESENT bit is set 
to 1 and the remaining bits in the frame contain the 
encoded control word. The control-in line 82 is driven by 
a power driver so that It may also provide the AC power 
for the data acquisition module 14. 

Refem'ng to Rgs. 1 1A and 1 1B, the portatDle data 
acquisition module 14 is contained in a small, custom- 
designed plastic case 198. The case has two large eye- 
lets 200, 202 at the top to allow the user to use a strap 
to hang or pin the module 14. Patient electrode connec- 
tion input jacks 44, 46, 446. 466, 44c. 46c, 44dd and 
46d are standard 0.080 inch pin and are located on the 
top surface at one end of the case. 

The data acquis'ition module 14 is connected to the 
data processing module 12 via thin, highly flexible cable 
15. Cable 15 is strain-relieved arxH is permanentiy 
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attached to the case 98. Hie cable 15 has two discon- 
nection points. The cable is detachable at the process- 
ing module 12 and at a second disconnection point one 
foot from the data acquisition module 14. High-quality 
plastic Lemo connectors are used at the disconnection 5 
points in-line with the cabia 

The case 198 is designed without ventilation holes 
in order to prevent damage from liquids which could be 
splashed wNle in use. Because of the use of low power 
circuitry, the surface of the case 198 will not exceed 10 
BO'*C while being covered with a bed pillow at aC'C 
ambient temperature. The case 198 is made of a mate- 
rial that will enable it to sun^ive a drop from up to 48 
Inches onto a concrete floor. TTie case 198 is elecfrically 
shielded both to prevent spurious emissions from data is 
acquisition module 1 4 and to prevent externally caused 
Interference with the data acquisition module 14 cir- 
cuits. 

While the foregoing invention has been described 
with reference to its prefen^ed embodiments, it should 20 
be understood that various modifications and altera- 
tions will occur to those practiced in the art. Such modi- 
fications and alterations are Intended to fall within the 
scope of the appended claims. 

25 

Claims 

1. A monitor for receiving electrical signals from a liv- 
ing body and processing such ^gnals to obtain 
information relating to a bodily function or organ, 30 
said monitor conprislng 

a power supply located in a housing of said 
monitor; 

means for acquiring electrical signals through 35 
one or more electrodes connected to the body; 
means for transmitting both data and power 
over said same means for transmitting between 
said housing for said power supply and said 
means for acquiring elecfrical signals. 40 

2. The monitor for receiving electrical signals from a 
living body of claim 1 . wherein said means for trans- 
mitting both data and power comprises a single 
twisted pair line. 45 

3. The monitor for receiving elecfrical signals from a 
living body of claim 1 . wherein said data transmitted 
over said means for fransmitting is biphase 
encoded. so 

4. The monitor for receiving elecfrical signals from a 
living body of claim 1 , wherein said means for trans- 
mitting is connected to a fransformer which couples 
signals from a means for processing and said ss 
power supply to said means for acquiring elecfrical 
signals. 



5. The monitor for receiving electrical signals from a 
living body of claim 4. further comprising: 

means for rectifying said coupled signals 
received by said means for acquiring elecfrical 
signals to produce a DC signal; 
means for linearly regulating said DC signal to 
provide power at appropriate voltage levels to 
said means for acquiring electrical signals. 

6. A data acquisition apparatus for acquiring elecfrical 
signals from a living body relating to a bodily func- 
tion or organ, said apparatus comprising 

means for applying a current of less than 10 
microamps simultaneously to all leads of said 
data acquisition apparatus connected to said 
living body, said current being supplied at a 
fraction of a known signal rate; 
means for synchronizing said current to said 
known signal rate; 

means for causing said current to induce a volt- 
age that Is proportional to impedance of each 
lead at a predetermined frequency; 
means for determining rf impedance of a lead 
exceeds a predetermined level, thereby indi- 
cating that a lead is not connected to said living 
body. 

7. The data acquisition apparatus fa acquiring electri- 
cal signals from a living body of dalm 6. wherein 
said apparatus further comprises means for con- 
verting analog electrical signals to digital elecfrical 
signals and wherein said current is applied at 
exactly one half an analog-to-digital sampling rate 
of said means for converting analog signals to dig- 
ital signals and said means for synchronizing 
exactiy synchronizes said current to said analog-to- 
digital sampling rate thereby ensuring that said cur- 
rent falls directiy into a null of the transfer function of 
said means for converting analog signals to digital 
signals. 

8. The data acquisition apparatus for acquiring elecfri- 
cal signals from a living body of daim 6, wherein 
said means for applying current applies a current of 
less than 1 microamp. 

9. The data acquisition apparatus for acquiring electri- 
cal signals from a living body of daim 6, wherein 
said predetermined impedance level is approxi- 
mately one tenth of the lead impedance in the base 
band of said apparatus. 

1 0. The data acquisition apparatus for acquiring elecfri- 
cal signals from a living body of daim 6 further com- 
prising: 
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multipiexing means for examining an induced 
voltage in each lead one lead at a time: 
means for deriving from an output of said multi- 
plexing means a signal which is proportional to 
impedance of a lead. 5 

11. A monitor for receiving electrical signals from a liv- 
ing body and processing such signals to obtain 
information relating to a bodily function or organ, 
said monitor comprising io 

means for acquiring electrical signals through 
one or more electrodes connected to the body; 
means for processing said acquired elecfrical 
signal to obtain the desired information, said is 
means for processing being located in a hous- 
ing separate from a housing in which such 
means for acquiring is located; 
means for connecting said means for acquiring 
to said means for processing; 20 
means for applying a short duration voltage 
pulse to said means for acquiring electrical sig- 
nals; and 

- means for detecting a droop in a window of pre- 
determined levels of said pulse which occurs ss 
when said means for acquiring is connected to 
said means for processing. 

12. The monitor for receiving electrical signals from a 
living body of claim 11, wherein said means for 30 
acquiring comprises a transformer which receives 
said voltage pulse through said means for connect- 
ing. - " — - - - . - 

13. TTie monitor for receiving electrical signals from a 3S 
living body of claim 11, wherein said means for 
detecting comprises a comparator which measures 
said droop after a fixed time interval elapses and 
compares said measured droop to a predefined 
level. 40 

14. A monitor for receiving electrical signals from a liv- 
ing body and processing such signals to obtain 
information relating to a bodily function or organ, 
said monitor con^ising: 4S 

means for acquiring the electrical signals 
through one or more electrodes connected to 
the body; 

means for processing said acquired electrical so 
signals, said means for processing being s^a- 
rated from said means for acquiring; 
means for connecting said means for acquiring 
to said means for filtering; 

a master clock located in said means for ss 
acquiring to which provides clock signals to 
which data signals generated by said means 
for acquiring are synchronized; 



- means focated in said processing means for 
deriving a dock signal from a signal including 
clock signals and data in order to synchronize 
control signals generated by said means for 
processing to said master clock. 

15. A monitor for receiving electrical signals from a fiv- 
Ing body of claim 14, wherein said means for deriv- 
ing a clock signal comprises: 

- means for recovering a clock signal from sakl 
clock and data signal received by said means 
for processing; 

- a phase locked loop for receiving said recov- 
ered cfock signal from said means fbr recover- 
ing and for generating a dock signal 
synchronized to said recovered dock signal 
and having a frequency Wgher than the fre- 
quency of said recovered clock signal. 
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